Extracellular superoxide dismutase (EC-SOD), also known as SOD3, is an antioxidant expressed at high levels in normal adult kidneys. Because oxidative stress contributes to a variety of kidney injuries, we hypothesized that EC-SOD may be protective in CKD progression. To study this hypothesis, we used a murine model of ADR nephropathy characterized by albuminuria and renal dysfunction. We found that levels of EC-SOD diminished throughout the course of disease progression and were associated with increased levels of NADPH oxidase and oxidative stress markers. EC-SOD null mice were sensitized to ADR injury, as evidenced by increases in albuminuria, serum creatinine, histologic damage, and oxidative stress. The absence of EC-SOD led to increased levels of NADPH oxidase and an increase in b-catenin signaling, which has been shown to be pathologic in a variety of kidney injuries. Exposure of EC-SOD null mice to either chronic angiotensin II infusion or to daily albumin injections also caused increased proteinuria. In contrast, EC-SOD null mice subjected to nonproteinuric CKD induced by unilateral ureteral obstruction exhibited no differences compared with wild-type mice. Finally, we also found a decrease in EC-SOD in human CKD biopsy samples, similar to our findings in mice. Therefore, we conclude that EC-SOD is protective in CKDs characterized by proteinuria.
The treatment of proteinuric CKD remains a significant challenge. Proteinuria has been strongly associated with CKD development, and higher levels of proteinuria generally lead to faster progression and worsened prognosis. As such, a primary focus of nephrology care is to decrease renal damage by reducing proteinuria with renin-angiotensin system blockade. 1 However, the protection is not complete, with therapies tending to decrease proteinuria, rather than completely abrogate it. 2 Oxidative stress, defined as an imbalance favoring reactive oxygen species (ROS) over antioxidant protective mechanisms, has been implicated in the development and progression of CKD. 3, 4 There is an abundance of evidence for increased oxidative stress in proteinuric renal disease in both humans and animal models. [5] [6] [7] [8] Reduction of oxidative stress via antioxidants and other means is beneficial in a variety of kidney diseases. 6, 7, 9 Elucidation of the exact mechanisms leading to imbalanced ROS/antioxidant balance could lead to the development of novel therapies to halt proteinuric CKD.
Extracellular superoxide dismutase (EC-SOD), also known as SOD3, is an antioxidant enzyme expressed in abundance in the kidney. 10 There are three mammalian SODs, with copper-zinc SOD (Cu/Zn SOD, or SOD1) and manganese SOD (MnSOD, or SOD2) localized exclusively in the intracellular environment. On the other hand, EC-SOD exists primarily in the extracellular space, and would therefore be expected to have a special role in tissue homeostasis in that compartment. 11 The SODs catalyze a dismutation reaction that scavenges the superoxide free radical, an ROS generated in excess in renal disease largely via upregulation of NADPH oxidases or via a leak from the mitochondrial electron transport chain. 4, 12, 13 EC-SOD catalyzes the dismutation reaction at diffusion limited rates, making it an effective mechanism for removing superoxide in extracellular locations. 11 EC-SOD has been previously shown to be important in disease states, 14 although studies in the kidney have been relatively limited. Schneider and colleagues found that EC-SOD null mice were sensitized to increased oxidative stress and renal cast formation in AKI after ischemia/reperfusion injury compared with wild-type (WT) mice. 15 Another study initially found that diabetic nephropathy in animals is accompanied by a loss of Cu/Zn SOD and EC-SOD, 16 but subsequent investigations failed to show any worsening of disease in EC-SOD null mice. 17 To our knowledge, there are no studies showing an effect of EC-SOD on proteinuric CKD.
To examine the role of EC-SOD in proteinuria, we utilized the murine model of ADR (ADR) nephropathy. In this model, a single injection of ADR leads to significant glomerular damage that recapitulates the human disease of FSGS. Massive proteinuria is followed by renal fibrosis and overall renal dysfunction. 18 We found that levels of EC-SOD were suppressed in the course of this disease. Furthermore, we demonstrate that the absence of EC-SOD leads to increased proteinuria. Two other models of proteinuria using either continuous angiotensin II infusion or with repeated albumin injections showed similar results, validating our hypothesis. On the contrary, in an interstitial fibrosis model not characterized by proteinuria, we could not find an effect of EC-SOD on disease progression, implying a specific role for this antioxidant in proteinuric kidney disease.
RESULTS

ADR Leads to Increased Oxidative Stress in the Kidney
To determine whether EC-SOD plays a role in proteinuric CKD, we subjected BALB/c mice to ADR injury. A single intravenous injection of ADR (10 mg/kg) was performed. After 5 weeks, the mice experienced significant weight loss compared with controls (26.1060.328 g in controls versus 22.2661.538 g in the ADR group), and this was associated with significant renal dysfunction as evidenced by the development of massive albuminuria and increases in serum creatinine ( Figure 1, A  and B ). This was accompanied by tubular injury and renal fibrosis ( Figure 1, C and D) .
Development of nephropathy was also accompanied by increases in oxidative stress. We first evaluated NADPH oxidase levels, focusing on two isoforms, Nox2 and Nox4, that are expressed at high levels in the mouse kidney. 19 As shown in Figure 1 , E and F, both Nox2 and Nox4 were markedly and significantly upregulated in injured kidneys after ADR exposure. NADPH oxidase upregulation would lead to increased generation of the superoxide free radical. As a result, overall renal oxidative stress was increased as demonstrated by higher levels of thiobarbituric acid reactive substances (TBARS), a marker for oxidative stress ( Figure 1G ).
We next investigated whether there was an effect on superoxide scavenging by evaluating EC-SOD levels. We found that both protein (Figure 2 , A and B) and mRNA levels ( Figure  2C ) were downregulated after ADR exposure in mice. Loss of this protective antioxidant, along with upregulation of Nox2 and Nox4, may lead to an imbalance leading to an excess of superoxide and oxidative stress in this model.
EC-SOD Null Mice Are Sensitized to ADR-Induced Kidney Injury
To more specifically evaluate the role of EC-SOD, we exposed EC-SOD knockout (KO) mice to ADR injury. These mice globally lack the expression of EC-SOD ( Figure 3A ), but have no renal dysfunction under normal conditions. These mice are bred on the C57BL/6 background strain, which is relatively resistant to ADR, requiring higher doses of ADR (18 mg/kg) and longer injury development time (8 weeks). Although body weight did not significantly differ between KO and WTmice in this injury ( Figure 3B ), we nonetheless found that serum creatinine was significantly increased in the KO compared with WT mice ( Figure 3C ). Even more impressive was a significant increase in albuminuria that was detected at several time points after ADR injection ( Figure 3D ). To determine whether there were compensatory changes in other SODs, we examined expression levels of SOD1 (Cu/Zn SOD) and SOD2 (MnSOD), the two intracellular isoforms. At baseline, the mRNA levels of both SODs were slightly upregulated in the EC-SOD KO mice ( Figure 3E ). Levels of SOD1 and SOD2 were decreased in WT mice treated with ADR compared with sham mice (0.55260.273 versus 1.00060.103 for SOD1, and 0.49260.141 versus 1.00060.032 for SOD2; both significant with P ,0.05), and were further decreased in the KO compared with WT mice, albeit only by a small additional amount ( Figure 3F ). Collectively, these findings are consistent with an increased sensitivity to proteinuric renal injury specifically in the EC-SOD null mouse.
We then evaluated for markers of renal fibrosis, the sine qua non of CKD. As shown in Figure 4 , A and B, EC-SOD KO mice had increased levels of fibrosis as determined by Masson's trichrome and Sirius red staining at 8 weeks after ADR exposure. Fibronectin mRNA and protein levels were also increased in KO compared with WT mice (Figure 4 , C-E). Desmin, a mesenchymal marker for podocyte injury, was found to be upregulated in KO mice compared with WT mice (Figure 4 , F-H) and colocalized with Wilms Tumor 1 (WT1)-and nephrinpositive areas on immunofluorescence (Supplemental Figure 1) . Therefore, KO mice had increased markers of chronic injury in addition to higher proteinuria levels compared with WT mice.
In addition, we assessed levels of nephrin and WT1 as indicators of podocyte injury. Our results demonstrate disrupted nephrin in ADR-treated mice compared with untreated control mice, and this disruption was more pronounced in the KO compared with the WTmice (Figure 4I ). Furthermore, ADR led to a depletion of WT1, a podocyte protein necessary for normal functioning and maintenance of podocyte differentiation. 20 This decrease was more accentuated in the KO compared with the WT mice ( Figure 4J ). This indicates substantial podocyte injury after ADR injury that is accentuated in the KO mice.
EC-SOD KO Mice Have Increased Levels of Oxidative Stress
In order to determine levels of oxidative stress in EC-SOD KO mice, we subjected frozen kidney sections to dihydroethidium (DHE) staining, which is specific for superoxide free radicals. KO mice consistently had increased levels of DHE compared with WTmice both in glomeruli and in tubules ( Figure 5 , A and B). Because we identified increases in NADPH oxidases in ADR injury (Figure 1 ), we evaluated levels of Nox2 and Nox4 in KO versus WT kidneys after ADR. We found that while the Nox4 isoform was not different between KO and WT, the Nox2 isoform was indeed significantly increased in the KO compared with WT mice ( Figure 5 , C-E). Therefore, the increase in DHE staining (and superoxide production) may be due to both lack of EC-SOD, as well as increases in the Nox2 isoform of NADPH oxidase.
b-Catenin Is Increased in EC-SOD KO Mice
Because Wnt/b-catenin signaling is highly upregulated and pathologic in the development of both podocyte injury and renal fibrosis, 21, 22 we investigated this pathway in our model. As shown in Figure 6 , A-C, total b-catenin levels were increased in EC-SOD null mice compared with WT mice after ADR injury. Immunohistochemical staining for b-catenin confirmed upregulation of this protein ( Figure 6A ). Consistent with these findings, the downstream target of b-catenin signaling, matrix metalloproteinase-7, was upregulated in the KO compared with WT mice ( Figure 6D ). This demonstrates that increased b-catenin activity underlies worsened ADR injury in KO mice.
EC-SOD KO Mice Are Sensitized to Proteinuric, Rather Than Nonproteinuric, Renal Disease
To determine whether protective effects of EC-SOD are specific to proteinuric disease, or more generalizable to all CKD, we subjected KO mice to additional models of renal injury. First, we tested a proteinuric model induced by combined unilateral nephrectomy and continuous infusion of angiotensin II (1.5 mg/kg per day) by osmotic minipump. Consistent with our results in ADR injury, we found that angiotensin II induced proteinuria to a significantly greater degree in KO compared with WT mice ( Figure 7A ). Histologic examination confirmed the marked increase in urinary protein excretion and demonstrated worsened glomerular injury, proteinaceous casts, and tubular protein reabsorption droplets ( Figure 7 , B-H). Finally, both nephrin staining and the number of glomerular cells staining positively for WT1 were decreased in KO compared with WT mice ( Figure 7 , I and J).
Second, we exposed KO mice to an albumin overload model of proteinuria. In this previously described model, 23 mice are injected with BSA, which leads to overflow proteinuria in the urine. Histologically, the WT mice treated with BSA had very mild, if any, glomerulosclerosis. On the other hand, EC-SOD KO mice had significantly more glomerular damage as well as albuminuria as shown by the presence of proteinaceous casts or by tubular protein reabsorption droplets ( Figure 8A ). Quantitation of albuminuria did indeed show increased levels in the KO compared with WT mice ( Figure 8B ). Meanwhile, whereas b-catenin was only slightly elevated in these mice overall, it was significantly higher in the KO compared with the WT mice ( Figure 8 , C-E).
We also subjected KO mice to unilateral ureteral obstruction (UUO), which is a classic model of nonproteinuric tubulointerstitial disease. 22 Although we examined several time points (3, 7, and 14 days after ureteral ligation), we were unable to find a discernable difference in fibrosis between KO and WT mice in fibrosis parameters, either by histology (Figure 9 , A-G) or RNA analysis ( Figure 9 , H-M). We concluded that EC-SOD plays a role in proteinuric, rather than nonproteinuric, CKD.
EC-SOD Is Depleted from Human CKD Kidneys
In order to examine the relevance of our findings in human renal disease, we examined human tissue sections for EC-SOD. As shown in Figure 10A , normal kidneys had high expression of EC-SOD, primarily in tubules. In fibrotic proteinuric CKD such as diabetic and membranous nephropathy, we found that EC-SOD was significantly depleted (Figure 10 , B and C), just as it was in the ADR model. In nonproteinuric CKD such as that caused by ANCA-related vasculitis, we also found a similar depletion of EC-SOD ( Figure 10D ). It appeared that diseased areas of the kidney were consistently associated with decreased EC-SOD levels, and areas of transition between normal tissue with normal EC-SOD levels and diseased tissue with diminished EC-SOD levels could be identified ( Figure  10E ), supporting a loss of EC-SOD with increasing disease severity. Quantitation of EC-SOD staining in the entire renal biopsy did verify an overall loss of this antioxidant in human CKD regardless of proteinuric status ( Figure 10F , Supplemental Table 1 ). This suggests that, in accordance with our animal data, EC-SOD is depleted in human CKD, and suggests that EC-SOD could play a protective role in the kidney.
DISCUSSION
Oxidative stress has long been hypothesized to participate in the development of kidney disease. In particular, recent evidence has shown that overproduction of the superoxide free radical is responsible for much of the renal dysfunction and injury. 7, 12, 24, 25 However, evidence regarding the role of the superoxide-scavenging antioxidant enzyme EC-SOD has been inconsistent. Whereas one study found that EC-SOD ameliorates ischemic AKI, 15 another study failed to find an effect in a proteinuric diabetic nephropathy model. 17 Although the latter study casts doubt on the importance of EC-SOD, it was unclear whether the result is generalizable to all forms of proteinuric CKD.
Our results indicate that EC-SOD is protective in at least three different models of proteinuria. First, we show that the presence of EC-SOD ameliorates ADR injury, a glomerular injury model that recapitulates human FSGS. EC-SOD decreased oxidative stress, NADPH oxidase activity, and pathologic b-catenin signaling. Second, EC-SOD decreased the proteinuria resulting from either continuous angiotensin II infusion or an albumin overload model. This argues that the protective effect of EC-SOD is not specific to the ADR injury model alone. However, protection by EC-SOD in mice did appear to be dependent on the presence of proteinuria, because we were completely unable to demonstrate any difference in injury when comparing KO and WT mice in the nonproteinuric UUO model. A specific role for oxidative stress in glomerular disease has been supported by other authors, who show that podocytes are particularly sensitive to oxidative stress. 12 We examined the potential mechanisms by which EC-SOD may protect against ADR injury by examining NADPH oxidase expression and b-catenin signaling. In WT mice, we found an upregulation of both Nox2 and Nox4 NADPH oxidase isoforms in the kidneys of affected mice. To our knowledge, this is the first description of NADPH oxidase upregulation in ADR nephropathy. In EC-SOD null mice, the increase in Nox2 was further accentuated. Nox2 is expressed primarily in phagocytic cells, but also in podocytes and vascular smooth muscle cells. 19 Nox2 has been described to be upregulated in proteinuric CKD, including diabetic nephropathy. 26, 27 Therefore, in ADR nephropathy, the kidney receives a "double hit" favoring excessive superoxide, because the protective antioxidant EC-SOD is lost while the ROSgenerating NADPH oxidase is upregulated. This imbalance is further accentuated in EC-SOD KO mice.
In addition, we examined Wnt/b-catenin, an evolutionarily conserved signaling pathway, which is known to be pathologic in CKD. 22, 28 It has been shown that activation of Wnt/ b-catenin leads to podocyte dysfunction and albuminuria in the ADR model as well as in human FSGS and diabetic nephropathy. 21 In addition, Wnt/b-catenin blockade could reduce myofibroblast activation and the development of fibrosis. 22, 29 We found that EC-SOD null mice had increased levels of b-catenin signaling, which strongly suggests that this is at least one mechanism underlying the protective effect of EC-SOD. It is currently unclear how loss of EC-SOD leads to increased Nox2/Nox4 expression or b-catenin activity. Because NADPH oxidases and b-catenin are increased in injury, a simple explanation may be that the increased glomerular injury and proteinuria in the KO mice leads to further upregulation of these pathologic mediators. In particular, angiotensin II is known to upregulate NADPH oxidase subunits and is commonly upregulated in renal injuries. 30 In addition, it was previously demonstrated that superoxide itself leads to the upregulation of NADPH oxidase in the renal cortex, 31 and that EC-SOD KO mice have increased NADPH activity and subunit expression. 32 The loss of EC-SOD could therefore increase superoxide, leading to a feed-forward mechanism in which NADPH oxidase is further upregulated. Interestingly, b-catenin activity can be increased by ROS generated by NADPH oxidases, suggesting a potential link between these proteins that could explain our findings. 33, 34 To our knowledge, this is the first demonstration of a protective role for EC-SOD in proteinuric renal disease. It has previously been shown that intracellular SOD is protective against diabetic nephropathy, 25 although the extracellular isoform was not vital to progression in this disease model. 17 However, the high expression of EC-SOD in the kidney suggests that it plays a key role in maintaining homeostasis. 10 In light of our data, it is now clear that extracellular scavenging of superoxide is necessary in models of proteinuric CKD induced by exposure to ADR, angiotensin II, and albumin overload.
The apparent discrepancy between the lack of effect of EC-SOD in diabetic nephropathy and our current results could be explained by the location of superoxide generation. As a negatively charged molecule, superoxide does not cross cellular membranes, so it has effects in the same intracellular or extracellular compartment in which it is generated. In diabetic nephropathy, one major mechanism of injury is the ligation of advanced glycation end products (AGEs) to their receptor, which ultimately leads to increased intracellular oxidative stress. 35 On the other hand, NADPH oxidases can be inserted into plasma membranes, leading to extracellular superoxide generation. 36 As we now demonstrate that ADR upregulates NADPH oxidase, it is possible that this leads to superoxide generation in the extracellular space, where it is accessible to scavenging by EC-SOD. Furthermore, it is important to note that the earlier diabetic study utilized a mouse that was genetically susceptible to diabetes but is somewhat resistant to the development of diabetic nephropathy. 17 It is possible that the genetic factors underlying this phenotype could have masked any potential effects of EC-SOD.
It is also important to assess compensatory changes in other SODs in our experiments. We demonstrate that although there is a small increase in both cytoplasmic (SOD1) and mitochondrial (SOD2) SODs in our EC-SOD KO mice at baseline, there is lower expression in KO compared with WT mice after ADR treatment. The magnitude of this change is small (approximately 20%-30% as measured by quantitative real-time PCR), compared with the global and absolute ablation of EC-SOD. However, we cannot rule out contributions of these isoforms to the disease phenotypes described above, and their effect must be assessed in future studies.
Another question we sought to answer was whether EC-SOD had similar effects on interstitial fibrosis in the absence of proteinuria. It is well known that glomerular proteinuria can lead to tubular injury and ultimately fibrosis. 1, 37 We therefore examined the UUO model, in which interstitial fibrosis occurs in the absence of proteinuria. In spite of examination of a comprehensive series of time points after injury initiation, we did not find an effect of EC-SOD on fibrosis development, as assessed by either histology or generation of extracellular matrix components. This strongly suggests that EC-SOD primarily affects fibrosis development indirectly via modulation of proteinuria, rather than by a direct effect on interstitial fibrosis development.
In humans, it appears that the role of EC-SOD may be more ubiquitous. We did assess CKD tissue biopsies and found that EC-SOD was depleted in both proteinuric and nonproteinuric disease. This suggests nonspecific downregulation in various CKD etiologies. Although these data only show an association to human disease, it is reasonable to suggest that loss of EC-SOD may leave the kidney prone to further injury by oxidative stress. These findings also suggest a more universal role for this antioxidant in human proteinuric and nonproteinuric renal diseases compared with our animal models.
In conclusion, we find that EC-SOD is vital for renal protection against proteinuric renal injury in vivo. The mechanism by which EC-SOD offers protection is via inhibition of NADPH oxidase upregulation, as well as through downregulation of pathologic b-catenin signaling. In proteinuric renal diseases such as FSGS, EC-SOD may be a viable therapeutic target.
CONCISE METHODS
Animals and Treatment Protocol
All animal studies were performed in accordance with the recommendations in the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. For WT experiments, male BALB/c mice (aged 6-8 weeks) were purchased from Harlan Laboratories (Indianapolis, IN) and housed in the University of Pittsburgh Medical Center animal facility. Mice were subjected to a single intravenous tail-vein injection of ADR (10 mg/kg, doxorubicin hydrochloride; Sigma-Aldrich, St. Louis, MO). Urine was collected at various time points. Mice were euthanized at 1, 3, and 5 weeks, at which point blood and kidney tissues were collected.
EC-SOD null mice were bred from a colony originally generated by Carlsson et al. 38 The background for these EC-SOD null mice is the C57BL/6 strain, which is relatively resistant to ADR injury. To induce ADR nephropathy, these resistant mice were injected once with 18 mg/kg of ADR and allowed to develop injury over an 8-week time period after injection. Urine, blood, and tissue samples were obtained.
Angiotensin II-induced proteinuria was performed in WT and EC-SOD null mice. Mice were first subjected to unilateral nephrectomy at day 27. On day 0, a subcutaneous osmotic minipump (model 2004; Alzet, Cupertino, CA) was implanted to deliver a constant infusion of angiotensin II (1.5 mg/kg per day; Sigma-Aldrich). Urine was collected and assessed for albumin content. Mice were euthanized 4 weeks after pump placement.
For the albumin overload model, we injected mice with increasing amounts of endotoxin-free BSA (Sigma-Aldrich) as previously described. 23 Briefly, mice were subjected to unilateral nephrectomy 5 days before BSA injections. Mice were intraperitoneally injected with BSA dissolved in sterile saline (0.33 mg/ml) at 2, 4, 6, 8, and 10 mg/g body wt on consecutive days (days 1-5). Mice were then "rested" for 2 days, with daily injections resuming at the 10 mg/g dosage on days 8-10. Urine was collected on day 10, and mice were euthanized at this time as well.
To induce UUO, we followed previously described protocols. 22 Briefly, the left kidney was exposed under anesthesia and the ureter ligated proximally with 4-0 silk suture. The right kidney was left unharmed and mice were euthanized at 3, 7, and 14 days after the surgery.
Biochemical Measurements
Serum and urine creatinine were measured with a Bioassay Systems kit (Hayward, CA). Similarly, we measured urinary albumin excretion using an ELISA-based kit from Bethyl Laboratories (Montgomery, TX). Urine albumin was normalized to urine creatinine to obtain 
Western Blot Analyses
Western blot analyses were performed as previously described. 39 Briefly, total kidney homogenates were prepared using radioimmunoprecipitation assay buffer supplemented with protease inhibitor cocktails. Total levels of protein were determined with the BCA protein assay kit (Sigma-Aldrich). Kidney homogenates were subjected to SDS-PAGE and blotted onto nitrocellulose membranes (GE Healthcare Life Sciences, Pittsburgh, PA). After blocking, blots were incubated overnight with primary antibody and then incubated with appropriate secondary antibodies. Signal was detected with Supersignal West Pico substrate reagents (Thermo Fisher Scientific, Rockford, IL). The primary antibodies used were as follows: anti-actin (MAB1501; Chemicon, Billerica, MA), anti-EC-SOD (AF4817; R&D Systems, Minneapolis, MN), anti-desmin (D1033, Sigma-Aldrich), anti-fibronectin (F3648; Sigma-Aldrich), anti-b-catenin (610154; BD Biosciences, San Jose, CA), anti-Nox2 (611414, BD Biosciences), and anti-Nox4 (sc-30141; Santa Cruz Biotechnology, Dallas, TX). Densitometry obtained with ImageJ software (NIH, Bethesda, MD) was utilized for quantitative data on band intensity compared with the loading control.
DHE Staining
Freshly isolated kidneys were frozen in optimal cutting temperature medium. Immediately after sectioning (5 mm), the slides were incubated with 10 mM DHE (Sigma-Aldrich) in PBS for 30 minutes. Results were visualized using an Olympus Fluoview 500 confocal microscope (Olympus, Center Valley, PA). Staining intensity was measured with MetaMorph software (Molecular Devices, Sunnyvale, CA).
TBARS Assay
TBARS were measured as a marker for oxidative stress using a kit (Cayman Chemical, Ann Arbor, MI). Quantitative Real-Time RT-PCR RNA was isolated from kidney homogenates using Trizol reagent (Life Technologies, Grand Island, NY). After first-strand cDNA synthesis from equivalent starting RNA material for each sample, quantitative real-time RT-PCR was performed using specific primers and a StepOne PCR instrument from Life Technologies/Applied Biosystems (Grand Island, NY). An annealing temperature of 60°C was used. The primer sequences are as follows: EC-SOD, forward ATCCCA-CAAGCCCCTAGTCT and reverse GTGCTATGGGGACAGGAAGA; fibronectin, forward CGAGGTGACAGAGACCACAA and reverse CTGGAGTCAAGCCAGACACA; collagen I, forward ATCTC-CTGGTGCTGATGGAC and reverse ACCTTGTTTGCCAGGTT-CAC; collagen III, forward AGGCAACAGTGGTTCTCCTG and reverse GACCTCGTGCTCCAGTTAGC; and matrix metalloproteinase-7, forward TAGGCGGAGATGCTCACTTT and reverse TTCTGAATG-CCTGCAATGTC.
Histologic Assessment
Kidney tissue was fixed by standard protocols and embedded in paraffin. Sections (3 mm) were deparaffinized and stained with Periodic acid-Schiff or Masson's trichrome staining reagents (both from Sigma-Aldrich) according to kit instructions. Separate deparaffined sections were stained with Sirius red (Sigma-Aldrich) for 2 hours before washes in acetic acid and mounting. Sirius red results were visualized with light microscopy with and without polarization.
The fibrosis score was obtained by scoring randomly selected fields with a grid overlay. Grid squares containing fibrotic tissue were counted and divided by total number of squares. The glomerulosclerosis score was obtained by scoring in a blinded fashion 20 randomly selected glomeruli per animal on the basis of sclerosis involvement compared with the total area of the glomerulus. The scoring system is as follows: 0=no damage; 1=1%-25%; 2=26%-50%; 3=51%-75%; and 4=76%-100% (or globally sclerotic). The numbers were averaged for each mouse, and then for each treatment group for determining significance.
Immunofluorescence Staining
Frozen tissue sections in optimal cutting temperature medium were cut to 5 mm thickness. After fixation with paraformaldehyde and blocking, sections were stained with antibody against WT1 (sc-192; Santa Cruz Biotechnology) and nephrin (2OR-NP002; Fitzgerald Industries International, Acton, MA) as previously described 20 or to desmin (D1033; Sigma-Aldrich) and followed by appropriate Cy2-and Cy3-labeled secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA), respectively. The number of WT1-positive cells was performed on 20 randomly selected glomeruli per animal and presented as average count per glomeruli.
Immunohistochemistry
Paraffin-embedded mouse kidney tissues were subjected to immunohistochemical analysis with antibody specific to b-catenin (ab15180; Abcam, Figure 9 . EC-SOD KO mice do not differ from WT mice in a model of nonproteinuric renal injury induced by urinary obstruction. Mice are subjected to UUO injury via the ligation of one ureter. (A-G) Normal/sham mice have the same surgeries without the actual ligation (A and D). Tubular dilation is seen at 3 days (B and E), with increasing fibrosis at 7 and 14 days postligation (C and F, and D and G, respectively), using a trichrome stain. However, histologic damage is not appreciably different between WT and KO mice at any examined time point. (H-M) Furthermore, levels of the extracellular matrix proteins fibronectin (H-J) and collagen (K-M) are not significantly different between the groups. Bar, 100 mm.
Inc., Cambridge MA) or desmin (D1033; Sigma-Aldrich). Briefly, slides were deparaffinized, with inactivation of endogenous peroxidases and blocking, followed by incubation with primary antibody overnight. Subsequent incubation with biotinylated secondary antibody (Jackson ImmunoResearch Laboratories), ABC Reagent, and AEC Reagent (Vector Laboratories, Burlingame, CA) were used to visualize staining.
Human kidney specimens were obtained from diagnostic renal biopsies performed at the University of Pittsburgh Medical Center. Tissues were formalin fixed and paraffin embedded. Tissue sections were cut at a thickness of 3 mm. Diagnoses were made by a renal pathologist (S.I.B.). Control tissue (n=3) was non-neoplastic renal tissue from patients undergoing nephrectomy for renal malignancy. CKD tissue consisted of five cases of nonproteinuric disease (c-ANCA vasculitis, arteriolar nephrosclerosis, and three cases of interstitial nephritis) and nine proteinuric cases (two amyloid, three membranous nephropathy, and one each of diabetic nephropathy, FSGS, lupus, and fibrillary GN). Immunohistochemistry was performed as described above except for use of an antibody specific for human EC-SOD (ADI-SOD-106; Enzo Life Sciences, Farmingdale, NY). To quantitate staining intensity, the entire core biopsy was photographed with sequential images and thresholded for positive staining on MetaMorph software. The areas of positive staining were divided by the total area of tissue per image to get a percent thresholded area. For the controls, 10 random images were taken and subjected to the same analysis.
Statistical Analyses
Statistical comparisons were made using a t test or one-way ANOVA for comparisons between two and three groups, respectively. P,0.05 was the threshold used for significance. SigmaStat software (Systat Software, San Jose, CA) was used for all analyses.
